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but the processes associated with this distinction remain poorly understood. Here, correlation of soil
chemistry at global to regional scales is examined with multivariate analysis of Gamma‐Ray Spectrometer
chemical maps and the Thermal Emission Spectrometer‐derived Dust Cover Index (DCI). In the analysis,
the northern lowlands show a strong S‐Cl correlation, contrasting with the southern highlands, which show
a stronger S‐H2O correlation. These observations suggest aqueous interaction with soils throughout the
southern highlands, preferentially dissolving Cl compounds and weakening S‐Cl correlation. Strong S‐Cl
correlations in the northern lowlands suggest less interaction with aqueous H2O. Additionally, regional
analyses demonstrate that DCI does not correlate with volatile chemistry at smaller scales and that Ca may
be an important component of volatile‐bearing material. These results provide new evidence for widespread
aqueous interaction and possibly alteration of soil in the southern highlands.
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Abstract Landscapes on either side of the martian topographic dichotomy bear distinct soil chemistry,

Plain Language Summary

Mars can be divided into two large regions: the northern lowlands
and southern highlands, separated by a planet‐circling change in elevation known as the topographic
dichotomy. The soils that cover the landscape in these two areas appear distinct from one another, although
it is unclear what processes cause this distinction. This investigation examines the chemistry of soils on
either side of the dichotomy based on Gamma‐Ray Spectrometer data, to elucidate changes in soils. The
identiﬁed changes in correlation of three soil components, sulfur, chlorine, and H2O, suggest that much of
the southern highlands soils have interacted with water, but ﬂuid interaction occurred far less in the
northern lowlands. These ﬁndings show that the processes by which water interacts with soils were likely
active over larger areas in the southern highlands than previously realized, but such processes were not
active after the northern lowlands soils were deposited.
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The martian topographic dichotomy is one of Mars' oldest features (e.g., Andrews‐Hanna et al., 2008)
and separates the northern lowlands from the southern highlands. While the dichotomy is likely early
Noachian in age (Frey et al., 2002), the surface ages of these two areas are distinctly different due to a large
amount of Hesperian‐age material in the northern lowlands (Tanaka et al., 2014). Global assessments of geochemistry also reveal distinctions in the distribution of H2O and S in the shallow subsurface soils that may
associate with the dichotomy boundary (Karunatillake et al., 2014). In situ results show that correlations
and trends among volatile elements (e.g., S, H2O, and Cl) can elucidate the amount of alteration (e.g.,
Haskin et al., 2005), the mineralogy of altered phases (Dehouck et al., 2014), and former aqueous interaction
(i.e., presence and migration of ﬂuids, Haskin et al., 2005). Such trends, identiﬁed in situ, are considered in
soils using Gamma‐Ray Spectrometer (GRS) chemical maps and applied to regional‐to‐global scale soils to
examine potential signals of widespread aqueous interaction and alteration in martian soil. This work
explores the hypothesis that regionally distinct aqueous histories may cause the geochemical distinction in
volatile chemistry across the dichotomy. Older, more altered soils may occur in the south formed by acidic
processes such as hydrothermal leaching, aerosols, and low‐pH brine ﬁlms (Hurowitz & Fischer, 2014;
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McCollom & Hynek, 2005) or by more neutral‐to‐alkaline processes (Hurowitz et al., 2017). In contrast in the
northern lowlands, younger, less altered soils may have been derived primarily from physical reworking of
underlying material with limited ﬂuid interaction.
Aqueous interaction can be evidenced by a variety of indicative minerals (e.g., clays), but remote infrared
observations that identify directly these minerals are limited to the optical surface (<10 μm depth) and typically only examine consolidated or lithic material in dust‐free areas. These constraints make the Mars
Odyssey GRS chemical data key to examining regional‐ and global‐scale trends in soil chemistry. Because
GRS generally measures soil chemistry up to ~0.5 m deep with continuous coverage, it is possible to identify
trends in soils at the global scale and evaluate the same soil volatile trends seen at rover and lander sites. Prior
work examining the latitudinal variability of the H2O:S ratio in martian bulk soil suggested that sulfate
minerals are the primary hydrated phase in the southern highlands and that this may not be the case in
the northern lowlands (Karunatillake et al., 2016). However, this work focused solely on H2O and S; the inﬂuence of Cl and nonvolatile elements were not considered. In addition, recent work (Ojha et al., 2018) has
highlighted dust as a reservoir of S and Cl on the martian surface, and speciﬁc areas of the surface are suggested to have mantles of sufﬁcient thickness to inﬂuence GRS observations (Viviano et al., 2019). The inclusion of Cl, nonvolatile soil chemistry, and a metric for surface dust adds additional dimensions to build upon
and advance these previous ﬁndings.
Here, principal component analysis (PCA) is applied to the GRS chemical maps and to Thermal Emission
Spectrometer‐derived Dust Cover Index (DCI) data to identify chemical correlations across the dichotomy
that may indicate ﬂuid interaction at hemispheric to global scales. This work is the ﬁrst global multivariate
analysis of the newest set of GRS chemical maps and the ﬁrst such analysis to incorporate Ca, Al, and S maps.
This work uses nine chemical maps and DCI to examine chemical changes across the geologically meaningful division: the topographic dichotomy.

2. Data and Methods
2.1. Data Sets
The primary data set used here is the GRS‐derived surface chemistry (referred to as “chemical maps”) covering approximately the area from 45°N to 50°S projected at 5° × 5° resolution (Figure 1). These maps provide
chemical abundances for nine elements: the key rock‐forming elements Si, Ca, Al, and Fe, the incompatible
elements K and Th, and the volatile elements H (presented as stoichiometrically equivalent H2O), S, and Cl.
An important caveat of these maps is that Mg and Na, important rock‐forming elements used in several
metrics of soil maturity and alteration (e.g., McCollom & Hynek, 2005), are not included in chemical maps
due to technical limitations (Boynton et al., 2007). Some chemical maps are available at higher resolutions
and with improved areal coverage (e.g., 2° K and Th maps), but the multivariate analysis is ultimately limited
by the coarsest resolution map and by the areas where all nine maps are available (an extent referred to as
“midlatitudinal” in this work). Further details on the chemical maps and their derivation can be found in the
supporting information section S1.1.
The DCI (Ruff & Christensen, 2002) is a measure of surface dust abundance derived from Thermal Emission
Spectrometer data, speciﬁcally the emissivity between 1,350 and 1,400 cm−1 related to the abundance of ﬁne
(<100 μm) silicate material. DCI is incorporated into analysis to evaluate the correlation between areal coverage of the dust and regional soil chemistry. DCI is available at high lateral resolution (16 pixels per degree)
and represents a much shallower depth (tens of microns) compared to the decimeter‐scale depth represented
by chemical maps. The sampling depth disparity suggests little correlation between DCI and the chemical
maps. Nevertheless, DCI was selected over other measures of surface dust (e.g., thermal inertia, Putzig
et al., 2005) because it most directly measures the abundance of <100 μm silicate material.
2.2. Methods
PCA applies multicomponent chemistry to derive multivariate chemical correlations (e.g., Gasnault et al.,
2010) and is applied to the combined chemical maps and DCI data sets at both global and regional scales.
In addition to analyzing the entire spatial data set (i.e., midlatitudinal extent), 12 regions (i.e., spatial subsets
of the data) were analyzed with the same methods (Figure S1) to capture correlations that are signiﬁcant at
more regional scales. Six regions were selected for either high or low abundance of one of the volatile
HOOD ET AL.
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Figure 1. Map of the martian surface showing the extent of the “midlatitudinal” region (solid black lines) for which chemical map data are available overlain on the
geologic map of Mars (Tanaka et al., 2014) with several locations labeled. The black dotted line shows the boundary between the northern lowlands and
southern highlands regions used in analysis (section 3.1). The simpliﬁed legend shows the colors for four of the relevant geologic units: Amazonian and Hesperian
volcanism in shades of red, transitional units in shades of gold, lowland units in shades of green, and highland units in shades of brown. Details on the spatial extent
of GRS data and the derivation of these regions can be found in the supporting information.

elements (H2O, S, and Cl) and two for high and low dust cover. These eight regions are intended to isolate the
trends that may be prominent only in statistically distinct regions. Two more regions isolating volcanic
terrains and nonvolcanic terrains were analyzed to highlight trends potentially driven by lithology. Two
regions, the northern lowlands and southern highlands (Tanaka et al., 2014), are isolated to examine
trends unique to each region and examine changes across the dichotomy boundary that may indicate
distinct soil histories. Results from the northern lowlands region and southern highlands region are
discussed in detail as these are the areas of greatest interest (section 3.1), and the remaining 10 regions
give context to section 3.1 and provide the broader results in section 3.2. Further details on region
selection and coverage can be found in section S1.4.
Most applications to date fail to incorporate uncertainty into PCA, which is addressed here by normalizing
GRS and DCI data using both the standard deviation of the data set and the uncertainty of individual values.
This method reduces the inﬂuence of imprecise data and prevents such data from disproportionately contributing to the variance. The results of this normalization are referred to as “t values” throughout this work,
with details in section S1.3. T values also simplify the process of selecting the statistically distinct regions discussed earlier. Each region is deﬁned with a mask, selecting ≥2‐pixel contiguous areas that are above +1 or
below −1 in t values. This threshold is comparable to 1 standard deviation above or below average at each
pixel, with spatial contiguity conferring a statistical conﬁdence in excess of 95% (Karunatillake et al., 2009).
The primary results of each analysis are the loadings of the principal components, which describe the variations in chemistry and DCI within each region in order of signiﬁcance. In order to examine inter‐regional
patterns of correlation, the cosine similarity of vectors in PC space is used as a quantitative measure of correlation in each analysis (Figure 2). The cosine similarity uses the angle between vectors in the projected
space as a measure of their similarity or correlation and is commonly used in computer science and information retrieval (Salton & McGill, 1983). To emphasize the most signiﬁcant correlations, only the ﬁrst two principal components (i.e., the directions of primary and secondary variance in the region, typically capturing
50–60% of the total variance) are used to calculate the cosine similarity. Two related values are used throughout this paper: the cosine similarity, which ranges from 0 to 1, as the proxy for the correlation coefﬁcient and
the cosine similarity angle (CSA), which ranges from 0° to 180°, to visualize the PCA space (Figure 2). The
HOOD ET AL.
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Figure 2. An example of the PC1‐PC2 space examined using cosine similarity in both the (a) northern lowlands and (b) southern highlands (sections S1.2 and
S1.5 provide details). The white circles show the GRS data set projected into PC1‐PC2 space, while the black squares represent the vectors of the original axes
(i.e., the loadings of PC1 and PC2 for each variable scaled by a common factor for clarity). The vectors for H2O (blue), S (green), and Cl (red) are marked for clarity.
These two biplots highlight the distinction between S‐Cl‐H2O trends in the two regions, with S and Cl most closely correlated in the northern lowlands, while
S and H2O are more closely correlated in the southern highlands.

distribution of CSAs to a reference variable is compiled from the regional analyses in cumulative distribution
functions (CDFs; e.g., Figure 3) and examined with two‐tailed Kolmogorov‐Smirnov (K‐S) tests (Massey,
1951). The CDFs show the range of observed CSAs, placing the results from each individual region in
context and showing the larger trends in CSAs. The K‐S tests show if the distribution of CSAs for each
variable is distinct from the distributions for other variables. These tests provide conﬁdence intervals to
identify signiﬁcant mutual correlations that persist at both regional and global scales.

3. Results
The analytical methods provide two sets of results: PC loadings that describe the dominant variances
within each region and CDFs that describe the global to regional distributions of CSAs for each variable.
PC loadings concisely describe the most important variations within each region, providing insight into
intra‐regional trends in chemistry and DCI. However, detailed discussion of the PC loadings and spatial
distributions (as shown in section 3.1) is only warranted in the largest, most cohesive regions. In smaller
regions, it is more difﬁcult to attribute meaning to the PC loadings, and the small sample size decreases
statistical conﬁdence in ﬁndings. For this reason, the CDFs are used for cumulative regional correlation
analysis to more conﬁdently describe correlations and trends that occur in multiple regions. Among the
13 PCA results and nine CDFs, the results most relevant to the conclusions are discussed in detail, with more
discussion provided in section S2 that supports and reinforces the conclusions.

3.1. Comparison Between Northern Lowlands and Southern Highlands
The PCA results for the northern lowlands and southern highlands regions (Figure 2 and Table 1) shed light
on the geochemical distinction between the two regions, primarily for H2O, S, and Cl (Figure 2). In the
southern highlands, H2O and S are strongly correlated (cosine similarity = 0.998, CSA = 3.9°), but S and
Cl are weakly correlated (0.782, 38.5°, Table 1). Comparatively, the northern lowlands show a weaker correlation between H2O and S (0.941, 19.7°) and a stronger correlation between S and Cl (0.999, 2.6°, Table 1).
Cumulative results for S (Figure 4) show where these CSAs fall within the distribution of CSAs for all analyses. The H2O‐S CSA in the southern highlands is the smallest (i.e., strongest correlation) among the
13 regions, where more than half of the regions have H2O‐S CSAs smaller than that seen in the northern
lowlands. Similarly, the S‐Cl CSA in the northern lowlands is the smallest observed among the 13 regions,
and the S‐Cl CSA in the highlands is larger than more than half of observed regions. The size of these
changes in correlation supports the distinctions as meaningful changes in the correlation of H2O, S, and Cl.
HOOD ET AL.
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Figure 3. Cumulative PCA results from all regions for H2O as the reference variable. The blue arrows generally indicate where variables strongly correlated with
H2O would plot relative to more weakly correlated variables. The cumulative trend of S, with a large portion of regions at low relative angles, suggests strong spatial
correlation relative to the other variables. Ca and Cl show similar cumulative trends, indicating weaker correlation with H2O than S, but more than the other
variables. Important K‐S results are noted, with yellow lines indicating that the S, Cl, and Ca distributions are statistically indistinct from one another and the green
line indicating that S, Cl, and Ca distributions are statistically distinct from the remaining variables. K‐S results are enumerated in Table S3.

Table 1
PCA Results for Selected Analyses
Region

Al

Ca

Cl

Fe

H2O

K

S

Si

Th

DCI

PC1

0.318

−0.087

−0.478

−0.128

−0.448

−0.199

−0.443

0.156

−0.238

−0.360

Var: 51%
PC2
Cosine similarity angle to H2O

0.117
155.8

−0.187
69.0

0.158
14.2

−0.231
65.0

0.031
—

−0.546
74.0

0.121
11.3

−0.512
111.0

−0.491
68.1

0.237
29.4

Cosine similarity angle to S

144.5

80.4

2.9

76.4

11.3

85.3

0.116
−0.512

0.091
−0.513

0.329
−0.122

−0.127
−0.417

0.345
−0.320

−0.402
−0.086

Midlatitudinal

Northern lowlands
Var: 63%

PC1
PC2

—
0.381
−0.162

122.3

79.5

18.0

−0.384
−0.327

−0.379
−0.093

0.371
0.188

Cosine similarity angle to H2O

34.5

37.2

22.4

64.2

—

125.2

19.7

96.7

123.5

69.6

Cosine similarity angle to S
Southern highlands
PC1

54.2
0.361

56.9
−0.062

2.6
−0.430

83.9
0.066

19.7
−0.403

144.9
−0.338

—
−0.387

116.5
0.224

143.2
−0.356

49.9
−0.269

PC2

−0.159

−0.467

0.202

0.004

−0.126

−0.373

−0.092

−0.534

−0.350

0.381

Cosine similarity angle to H2O
Cosine similarity angle to S

138.9
142.8

65.2
69.0

42.4
38.5

166.3
170.2

—
3.9

30.5
34.4

3.9
—

95.5
99.3

27.2
31.1

72.1
68.2

Var: 53%

Note. The loading values for PC1 and PC2 (i.e., the components of each PC in the original data space) in key analysis including the midlatitudinal, northern lowlands and southern highlands regions (see section 2.2 and Figure 1 for details on regions). ±0.316 was used as the cutoff for “signiﬁcant” associations with a PC
(see section S2 for more detail); values outside this range are bolded and highlighted in blue for positive loadings and orange for negative. The variance captured
by PC1 and PC2 is below each region name. The cosine similarity angle to H2O and S is calculated for each variable in each region, with angles below 25° highlighted in green.

HOOD ET AL.
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Figure 4. Cumulative PCA results for cosine similarity to S with the relative angles of H2O (blue) and Cl (gray) to S of the northern lowlands and southern highlands regions are marked. The northern lowlands show the lowest S‐Cl angle of any region, while the southern highlands show the lowest S‐H2O angle of any
region. In contrast, the S‐H2O angle in the northern lowlands and S‐Cl angle in the southern highlands are larger than in a majority of examined regions. Important
K‐S results are marked with green lines indicating mutual distinctness and yellow lines indicating mutual indistinctness. The distribution of H2O is distinct
from all variables except Cl, and that of Cl is indistinct from both H2O and Ca. Ca is distinct only from H2O and the two variables least correlated with S: K and Si.
Because H2O is distinct from Ca and Cl is indistinct from Ca, H2O may be more strongly correlated with S compared to Cl, though only slightly.

3.2. Cumulative PCA Results
The cumulative results from all regions for H2O (Figure 3) and S (Figure 4) give context to the result for the
northern lowlands and southern highlands and highlight the signiﬁcance of correlations among the volatile
elements H2O, S, and Cl that persist across many regions. The detailed discussion of the cumulative results
for DCI is given in section S2.4. In summary, DCI does not show notable correlations with any of the chemical maps, though there is tentative evidence for a correlation with Cl. Cumulative results for the remaining
variables (Si, Al, Fe, Ca, K, and Th; section S2.4) show generally weak correlations with the other variables.
Further discussion of cumulative results is in section S2.4.
The cumulative PCA results and K‐S tests for H2O (Figure 3 and Table S3) highlight the strong correlations
among the volatile elements. CSA distributions of S, Ca, and Cl are distinct from the other six variables (Si,
Al, Fe, K, Th, and DCI) and indistinct from one another. This distinction shows that the elements S, Cl,
and Ca are more signiﬁcant predictors of H2O variance than the other six variables, although relative
signiﬁcance among them cannot be conﬁdently established. The cumulative PCA results for S (Figure 4)
and Cl (Figure S7) reinforce these results: S, Cl, and H2O generally show mutual correlations that are
distinct from the remaining variables, and Ca shows correlation with S and H2O beyond that of the other
nonvolatile elements.
The cumulative PCA results and K‐S tests for S (Figure 4 and Table S3) generally reinforce the trends seen in
the cumulative PCA results for H2O (Figure 3). Distributions of CSAs for H2O and Cl are distinct from most
of the other variables, notably excepting Ca. However, in this case, a rough hierarchy can be established
among H2O, Cl, and Ca. The CSA distribution for H2O is distinct from all other CSA distributions except
HOOD ET AL.
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Cl, the Cl distribution is indistinct from the Ca and H2O distributions, and Ca is only distinct from H2O, K,
and Si. In the context of the other CSA distributions, H2O appears to correlate more strongly with S
compared to Cl, and the remaining variables (K, Th, Ca, Al, Si, and Fe) are generally poorly correlated.

4. Discussion
4.1. Aqueous Interaction With Regional Soil Across the Topographic Dichotomy
The observations in section 3 compound prior bivariate insight into volatile spatial trends (Karunatillake
et al., 2016) in three ways: (1) The S‐H2O trend is preserved in multivariate space, (2) the change in the
S‐H2O correlation, previously associated with the hemispheres, persists when comparing each side of the
topographic dichotomy, and (3) there is a newly discovered change in the S‐Cl correlation associated with
the topographic dichotomy. The ﬁrst two points reinforce existing ﬁndings that S and H2O are strongly correlated in the southern highlands and that their correlation may indicate that hydrated sulfate compounds
are an important reservoir of H2O in martian soil (Karunatillake et al., 2014, 2016). The discovery that the
S‐H2O correlation is paired with a shift in the S‐Cl correlation advances the limited understanding of the contrast in soil geochemistry across the topographic dichotomy. The change in the S‐H2O correlation across the
topographic dichotomy (Table 1 and Figure 2; decreased S‐H2O correlation in the north) may indicate a
decreased abundance or decreased prevalence of hydrated sulfate compounds in lowlands soils. The associated change in S‐Cl correlation across the dichotomy boundary (increased S‐Cl correlation in the north)
resembles the contrast between excavated and surface soils seen in Gusev crater (Haskin et al., 2005). In
Gusev soils, S, Cl, and Br correlated strongly in the lightly altered surface soils, but aqueous H2O (possibly
as brines or thin ﬁlms) caused these three species to decouple in the older, more altered soils due to their
differential solubility (Haskin et al., 2005). Furthermore, previous work at Gusev and Meridiani found that
relative trends among S and Cl in the shallow subsurface are more consistent with aqueous processes rather
than volatilization of Cl (e.g., via photolysis, Karunatillake et al., 2013). Therefore, the regionally weaker
correlation of S and Cl seen in the highlands, compared to the lowlands, would be consistent with greater
(either longer‐lasting or greater intensity) interaction with aqueous H2O in the southern highlands, similar
to the Gusev soils at the Boroughs and Big Hole sites (Haskin et al., 2005). The relative weakness of S‐Cl
correlation in the southern highlands provides evidence for aqueous interaction that may lead to alteration
and leaching or migration of soluble soil components (e.g., salts containing S, Cl, or H2O) across much of
the highlands. However, long‐range transport or concentration of these components is not noted. By contrast,
the increased correlation of S and Cl in the northern lowlands may indicate less interaction with H2O and a
lack of alteration at the regional scale. This ﬁnding is similar to the unaltered basaltic material observed in
Gusev and contrary to previous interpretations (Rogers & Hamilton, 2015). This lack of alteration may be
expected for the Amazonian volcanic units in Amazonis and Elysium Planitia. However, volcanic units only
constitute 25% of the northern lowlands region (Figure 1). The remaining 75% consists of lowlands and basin
units, including mixed transitional units along the dichotomy boundary. Therefore, this signature lacking
aqueous interaction is associated not only with young volcanic units but also with the late Hesperian
lowlands units found in Utopia, Chryse, and Acidalia Planitia (Tanaka et al., 2014).
Based on the results discussed in section 3.2, it is possible that Ca plays an important role in the geochemical
contrast between the lowlands and highlands. Figure 3 shows that the correlation of Ca and H2O is comparable with the Cl‐H2O correlation at the regional to global scale. Because Ca‐(per)chlorate compounds are
likely less common than other compounds (e.g., Mg‐perchlorates, Hecht et al., 2009), this correlation may
implicate Ca‐sulfates as important reservoirs of both H2O and S in martian soil. This result is consistent with
remote and in situ observation of Ca‐sulfates in various states of hydration (Langevin et al., 2005; Rapin et al.,
2016). As a signiﬁcant reservoir of S and H2O, Ca‐sulfates would play a role in the geochemical differences
between the northern lowlands and southern highlands, and changes in the mineralogy or hydration states
of Ca‐sulfates could implicate speciﬁc aqueous processes in martian soils. However, the trends among Ca,
H2O, and S between the northern lowlands and southern highlands (Figure 2 and Table 1) do not imply a
clear pattern of presence, absence, or change in hydration state among Ca‐sulfate species. While evidence
is present that Ca‐sulfates are an important component of the changes occurring between the lowlands
and highlands, these results do not clearly indicate any changes in Ca‐sulfate mineralogy or abundance
between these two regions that contribute to the proposed history of aqueous interaction.
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Another consideration is the potential inﬂuence of surface dust abundance on soil chemistry and, therefore,
the trends among the volatile elements. The moderate correlations between volatile elements and DCI in the
midlatitudinal analysis (section S2.1) exceed initial expectations and may suggest weak correlation between
DCI and soil chemistry. However, the generally weak cumulative correlation between DCI and soil chemistry
(excepting Cl, section S2.4) and the lack of strong correlations with DCI in either of the southern highlands or
northern lowlands (Figure 2 and Table 1) do not support signiﬁcant inﬂuence of surface dust in the noted
shift on correlation among S, Cl, and H2O. Relatedly, the atmospheric deposition of salts (Catling et al.,
2010) may be an important process in martian soil that could inﬂuence S and Cl correlation and contribute
a substantial portion of soil S and Cl content (Ewing et al., 2006). However, more research is needed on
predicted patterns of atmospheric salt deposition in order to substantiate differential deposition of salts on
either side of the dichotomy such that it could cause the distinction between the lowlands and highlands.
Soils in the southern highlands may have interacted with H2O via leaching (e.g., hydrothermal vents and
fumaroles) or acid fog (i.e., aerosols and low‐pH brine ﬁlms reacting with the soil over geologic time;
Hurowitz & Fischer, 2014; McCollom & Hynek, 2005) or by more neutral to alkaline processes (Hurowitz
et al., 2017). Minerals produced by these processes (e.g., perchlorates and Mg‐sulfates) are typically soluble
or deliquescent, and the preservation of such phases over geologic time in the near surface necessitates
low water‐to‐rock ratios (e.g., Kounaves et al., 2010). The lack of such evidence of aqueous interaction in
the north is not likely due to the lack of aqueous processes occurring in the lowlands, rather aqueous interaction likely preceded the emplacement of the Hesperian‐aged units in the lowlands. Relative quiescence of
widespread aqueous process and limited soil redistribution since the Hesperian would allow the poorly
altered soil at the surface of the northern lowlands to arise from physical weathering of the underlying material with limited chemical weathering. This history is consistent with recent evidence from mineralogical
observations (Pan et al., 2017) suggesting that much of the upper (<2 km) volcanic or volcaniclastic rock
in the northern lowlands lacks signatures of signiﬁcant alteration.

5. Conclusions
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Based on PCA analysis of GRS chemical maps and DCI data, the interpretation of distinct soil chemistries
across the topographic dichotomy is supported. The correlative trends in S, Cl, and H2O abundances are
consistent with widespread interaction with aqueous H2O in the southern highlands and relatively pristine
soils in the northern lowlands. These ﬁndings suggest laterally extensive aqueous interaction with bulk soil
in southern highlands soils aided by geologically hyper‐arid, low‐temperature conditions that preserve
metastable hydrated minerals over geologic time. The absence of such signatures in the northern lowlands
supports a hypothesis of regionally pervasive mantling by minimally weathered soil which postdates
widespread aqueous processes in the highlands. The preserved distinctness of soils suggests curtailed mixing
between the lowlands and highlands, at least since the emplacement of the Hesperian units in the north. In
addition, the distinct correlation of Ca and H2O relative to other rock‐forming elements supports the
signiﬁcance of hydrated Ca‐compounds as a reservoir of H2O in martian soil.
The possible existence of hydrated minerals buried under several kilometers of unaltered material in the
northern lowlands (Pan et al., 2017) is consistent with the proposed period of widespread aqueous interaction
and alteration that formed both the present southern highlands soil and the possibly buried paleosol in the
northern lowlands. In addition, such widespread aqueous processes and soil alteration can create biologically
signiﬁcant redox‐sensitive minerals. With the suggestion that organic carbon is found on Mars in low but
ubiquitous concentrations (Eigenbrode et al., 2018; Freissinet et al., 2015; Navarro‐González et al., 2010),
the evidence presented here for aqueous interaction throughout highlands soils may be indicative of a
widespread habitable environment in martian soils.
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